ABSTRACT The gastric pathogen Helicobacter pylori forms biofilms on abiotic and biotic surfaces. We have shown previously that H. pylori perceives the quorum signal autoinducer-2 (AI-2) as a chemorepellent. We report here that H. pylori chemorepulsion from endogenous AI-2 influences the proportions and spatial organization of cells within biofilms. Strains that fail to produce AI-2 (⌬luxS strains) or are defective for chemotaxis (⌬cheA strains) formed more spatially homogenous biofilms with a greater proportion of adherent versus planktonic cells than wild-type biofilms. Reciprocally, a strain that overproduced AI-2 (luxS OP ) formed biofilms with proportionally fewer adherent cells. Along with the known AI-2 chemoreceptor, TlpB, we identified AibA and AibB, two novel periplasmic binding proteins that are required for the AI-2 chemorepulsion response. Disruptions in any of the proteins required for AI-2 chemotaxis recapitulated the biofilm adherence and spatial organization phenotype of the ⌬luxS mutant. Furthermore, exogenous administration of AI-2 was sufficient to decrease the proportion of adherent cells in biofilms and promote dispersal of cells from biofilms in a chemotaxis-dependent manner. Finally, we found that disruption of AI-2 production or AI-2 chemotaxis resulted in increased clustering of cells in microcolonies on cultured epithelial cells. We conclude that chemotaxis from AI-2 is a determinant of H. pylori biofilm spatial organization and dispersal.
IMPORTANCE Bacterial biofilms are ubiquitous in nature, but the mechanisms governing their assembly and spatial organization are not fully understood. Bacterial communication through quorum sensing has been shown to influence biofilm growth through the regulation of biofilm genes. Our study revealed a new role for quorum sensing in biofilms through rapid chemotactic responses to quorum signals. Specifically, we studied how chemorepulsion of Helicobacter pylori from the universal quorum signal autoinducer-2 (AI-2) shapes the spatial organization of its biofilms. We demonstrate that the chemorepulsive response of H. pylori to AI-2 is necessary to promote its dispersal from biofilms grown on both abiotic and biotic surfaces and is sufficient to promote dispersal in a chemotaxis-dependent manner. This work has broad implications for understanding the mechanisms by which endogenously produced microbial compounds shape the assembly and spatial organization of microbial communities in their environments. tonic lifestyle (11) . For example, quorum-sensing-regulated genes are involved in the production of exopolysaccharides, lipids, nucleic acids, and proteases that are required to build the biofilm matrix (14) (15) (16) (17) .
Quorum sensing can also elicit more immediate changes in bacterial behaviors by directing cellular motility through chemotactic responses. For example, in the predatory bacterial species Myxococcus xanthus, a secreted small molecule called A-factor alters motility and promotes aggregation and the initiation of fruiting body biofilm formation (18) (19) (20) . Importantly for this study, the quorum-sensing molecule autoinducer-2 (AI-2), an interspecies quorum-sensing molecule produced by the conserved metabolic enzyme LuxS, elicits chemotactic responses in multiple bacteria (21, 22) . In the enteric commensal Escherichia coli, AI-2 elicits an attractant response (21) , whereas in the gastric pathogen Helicobacter pylori, AI-2 is sensed as a repellant (22) . In this study, we addressed how these rapid responses to quorum-sensing molecules influence spatial distributions of cells within a biofilm community.
To explore this issue, we studied the role of AI-2 chemotactic responses in H. pylori biofilm formation on abiotic and biotic surfaces. Previous work has shown that H. pylori bacteria form microcolonies and biofilms both in vitro on cultured epithelial cells and in vivo, as revealed in human stomach biopsy specimens (23) (24) (25) (26) (27) (28) (29) (30) . Additionally, H. pylori may form heterotropic biofilms in water reservoirs (31) (32) (33) . Mature H. pylori biofilms have been shown to contain extracellular DNA (eDNA) as well as an exopolysaccharide matrix (33, 34) similar to those made by other biofilm-forming species. Biofilm formation is thought to be functionally important for H. pylori in providing a natural reservoir in drinking water systems and providing protection from antibiotics (33) .
The role of LuxS in H. pylori biofilm formation has been studied previously (24, 33, 35) . Relevant to our study, Cole et al. showed that a luxS-deficient H. pylori mutant exhibited increased levels of adherence to glass frit relative to a wild-type (WT) strain (24) . Here we replicated this finding and tested whether it was due to loss of an endogenously produced chemorepulsive cue. We investigated the impacts of AI-2 production and sensing during early and late stages of biofilm growth and show that AI-2 chemotaxis is an important modulator of the equilibrium between planktonic and biofilm cells and of the spatial distribution of cells within the biofilm. We defined the molecular basis for AI-2 chemoreception in H. pylori, identifying two new AI-2 periplasmic binding proteins (PBPs) that are essential for this process. Additionally, we demonstrated that disruption of AI-2 production or AI-2 chemotaxis results in an increase in the size of H. pylori microcolonies on cultured epithelial cells. Our work supports the idea of a novel mechanism whereby rapid chemotactic responses of individual cells to quorum-sensing molecules contribute to the long-term spatial organization and aggregation properties of biofilms.
RESULTS

AI-2 production and chemotaxis influence biofilm organization.
To investigate the importance of AI-2 chemorepulsion for H. pylori biology, we examined H. pylori biofilm organization as a function of AI-2 production. We spotted liquid cultures of G27 wild-type (WT) and isogenic ⌬luxS strains of H. pylori onto sterile glass slides, which were cultured under static, humidifying, and high-CO 2 conditions for 5 days (the minimal time required for sufficient biofilm mass to accumulate for microscopic visualization). The biofilms that formed at the air-liquid interface were fixed, stained with the DNA dye 4=,6-diamidino-2-phenylindole (DAPI), and imaged using fluorescence microscopy ( Fig. 1A to E). Upon visualization, it was immediately apparent that the wildtype and ⌬luxS cells differed in their spatial distributions in biofilms. WT cells formed discrete multicellular aggregates, whereas the ⌬luxS cells formed a homogeneous mat of cells ( Fig. 1A and  B) . Genetic complementation of luxS (luxS*) was able to restore biofilm organization to the WT pattern (Fig. 1C) . This result suggests that LuxS is required for normal multicellular organization within biofilms. We next wanted to test if increasing endogenous AI-2 production would alter the cellular organization in biofilms. We engineered a strain with an extra chromosomal copy of the luxS gene (luxS OP [overproducer] ) expressed from the native luxS promoter and confirmed that this strain grew with kinetics similar to WT kinetics (see Fig. S1A in the supplemental material) and produced more AI-2 (see Fig. S1B ). Upon biofilm visualization, we observed that the cellular organization of the luxS OP strain was similar to that of the WT strain (Fig. 1D) .
Fractal dimension and lacunarity have been used to quantify differences in the spatial organization of biofilms (36, 37) . Fractal dimension data quantify the complexity of the image, while lacunarity measures the extent of discontinuities or inhomogeneity of the image (36) . We used FracLac (an ImageJ plugin) to calculate the fractal dimension and the lacunarity score for epifluorescence images of biofilms for which threshold values were calculated (i.e., thresholded) using contrast-limited adaptive histogram equalization (see Fig. S2 in the supplemental material). Although we observed no differences in comparisons of the fractal dimension data from any of the strains (data not shown), we did observe differences in lacunarity scores that correlate with perceived differences in the images (Fig. 1F ). The ⌬luxS strain had a significantly lower lacunarity score than the WT strain, indicating more homogeneity. Reciprocally, the lacunarity score was significantly higher for the luxS OP strain than for the WT strain, indicating more spatial inhomogeneity. We conclude that the spatial organization of cells in biofilms is dependent on levels of AI-2 production.
The overall biofilm structure is the result of dynamic interactions of cells transitioning between sessile and planktonic states. We wished to quantify the fraction of the population in each of these states. To do so, we grew H. pylori cultures under static, high-CO 2 conditions in wells filled with glass frit to provide abundant surfaces for biofilm formation ( Fig. 1G ; adapted from reference 24). We used crystal violet staining to quantify the populations of adherent and planktonic cells, and we report the percentages of adherent cells in the total cell population as the percentages of biofilm cells. In time course analyses of the biofilms, we observed no significant changes between 2 and 6 days postinoculation in the proportions of adherent and planktonic cells or in the total numbers of cells in the system (see Fig. S3A and B in the supplemental material). All subsequent analyses of biofilms grown on glass frit were performed at 2 days postinoculation. In comparisons of the percentages of biofilm cells of the WT and luxS derivatives, we observed that the ⌬luxS strain had a significantly higher proportion of adherent cells than the WT and the luxS* strains (Fig. 1H) . We verified that, under the conditions that produced differential biofilm formation results (see Fig. 3C ), AI-2 was detected at comparable levels in the media of the WT and luxS* cultures and at low levels in the ⌬luxS culture (see Fig. 3E ). We also characterized the biofilm growth of the luxS OP strain, which produces more AI-2 than the WT strain (Fig. S1) , and observed a modest but significant reduction in the proportion of adherent cells compared to the results seen with wild-type biofilms (Fig. 1H) . Together, these results suggest that normal biofilm formation and organization of H. pylori G27 are modulated by levels of endogenously produced AI-2.
We hypothesized that the differences in biofilm organization that we observed were due to chemorepulsion from endogenously produced AI-2. To test this, we investigated the biofilm formation of a chemotaxis-deficient strain, strain ⌬cheA, which lacks the CheA signal transduction protein required for actuating chemotactic responses. The cellular organization of ⌬cheA biofilms resembled those observed with the ⌬luxS strain, with uniform films of cells (Fig. 1E ) and a lacunarity score significantly lower than the WT strain score (Fig. 1F) . Consistent with this observation, the ⌬cheA mutant displayed increased proportional adherence compared to the WT strain (Fig. 1H ). This indicates that chemotaxis plays an important role in dictating cellular organization and adherence within H. pylori biofilms.
Chemotactic responses to AI-2 require two novel periplasmic AI-2 binding proteins. Because LuxS functions as both a quorum signal synthase and a metabolic enzyme (38) , the biofilm defects of the ⌬luxS could be due to other cellular phenotypes in addition to loss of AI-2 chemorepulsion. To better test our hypothesis that biofilm organization is modulated by AI-2-induced chemorepulsion, we sought to identify the proteins specifically involved in AI-2 chemorepulsion in H. pylori. In E. coli, AI-2 chemotaxis requires the chemoreceptor Tsr and the periplasmic binding protein LsrB (21) . We have previously shown that in H. pylori, AI-2 chemorepulsion requires the chemoreceptor TlpB (22) ; however, there is no homolog of LsrB in H. pylori as determined by BLAST protein sequence alignment (39) . Chemoreceptors signal via direct ligand binding or through interactions with ligand binding proteins that transduce signals to the chemoreceptor (40) . Given the lack of a LsrB homolog in H. pylori, we assessed whether TlpB could bind AI-2 directly. We adapted an in vitro AI-2 binding assay (41, 42) in which AI-2 was incubated with either the purified periplasmic portion of TlpB or, as a positive control, purified LsrB protein, which binds AI-2 with a dissociation constant (K d ) of 160 M (43). To quantify AI-2 binding, proteins were purified away from unbound AI-2 and denatured to release bound AI-2, and the supernatant was used to stimulate Vibrio harveyi luminescence. As expected, the luminescence levels induced by the LsrB supernatant were high, indicating the presence of bound AI-2 (Fig. 2B) . In contrast, the luminescence levels stimulated by TlpB were not above background levels. This suggests that TlpB does not bind AI-2 in vitro with high affinity and may require additional proteins.
We hypothesized that a periplasmic binding protein (PBP) in H. pylori performs a function similar to that performed by LsrB. We identified five hypothetical proteins in G27 that were homologous to other periplasmic transport and binding proteins: H. pylori G27_277 (HPG27_277), HPG27_431, HPG27_889, HPG27_1116, and HPG27_1197. We tested these potential candidates for their requirement in AI-2 chemorepulsion by making nonpolar deletions of each PBP individually via allelic exchange and assessed the ability of these mutants to respond to AI-2. We tested the chemorepellant responses of these mutants to 100 M AI-2 using a previously described barrier assay (22) . In this assay, formation of a barrier of swimming cells away from the source of the chemical indicates a repellant response. We showed previously that ⌬tlpB and ⌬cheA mutants do not form barriers in response to AI-2 compared to WT strains (22) . We discovered that two of the five PBP mutants, ⌬HPG27_277 and ⌬HPG27_431, also failed to form barriers in response to AI-2, although they still formed barriers in response to another known chemorepellant, HCl ( Fig. 2A) . These results suggest that these two putative PBPs are independently required for AI-2 chemotaxis. The other three PBP mutants remained responsive to AI-2 (see Fig. S4 in the supplemental material). Within the genome of strain G27, the HPG27_277 and HPG27_431 genes are located within operons involved in dipeptide transport and molybdate transport, respectively (see Fig. S5A and B) ; however, it is not uncommon for PBPs to have multiple transport and binding functions within the cell (40) .
Using the in vitro AI-2 binding assay described above, we tested the ability of these two proteins to bind AI-2. For this assay, we constructed HPG27_277 and HPG27_431 variants lacking their hydrophobic periplasmic targeting sequences for ease of purification. We observed significant AI-2 binding capacity for both HPG27_277 and HPG27_431 proteins similar to that seen with the LsrB positive control (Fig. 2B) . These results indicate that HPG27_277 and HPG27_431 bind AI-2 directly in vitro and independently of one another. Due to this identified function, we named HPG27_277 AibA and HPG27_431 AibB, for AI-2 binding proteins A and B.
TlpB, AibA, and AibB are necessary for biofilm organization. To further test the hypothesis that AI-2 chemotaxis influences the spatial organization of cells within biofilms, we observed biofilms of strains lacking AI-2 chemoreception (strains ⌬tlpB, ⌬aibA, and ⌬aibB and the double mutant ⌬aibA ⌬aibB) grown on glass slides, as previously described (Fig. 3A to G) . We found that the cellular organization of all AI-2 chemotaxis-deficient strains (Fig. 3A, C , E, and G) recapitulated the biofilm structures of the ⌬luxS-deficient and ⌬cheA-deficient H. pylori strains. Consistent with this observation, the lacunarity scores for the biofilms of these strains were significantly lower than the WT score ( Fig. 3H) and were similar to scores observed with the ⌬luxS and ⌬cheA strains (compare to Fig. 1F) .
We also quantified the proportions of adherent and planktonic cells within 2-day biofilms of the ⌬tlpB, ⌬aibA, ⌬aibB, and ⌬aibA ⌬aibB strains grown on glass frit. Under these growth conditions, the total numbers of cells within the cultures (adherent and planktonic) of all strains were similar (see Fig. S5C ), but we found that the AI-2 chemotaxis-deficient strains had proportional adherence in biofilms that was significantly increased compared to that seen with the WT strain (Fig. 3I ) and similar to that seen with the ⌬luxS and ⌬cheA strains (compare to Fig. 1H ).
We next attempted to complement these biofilm defects in the AI-2 chemotaxis-deficient strains. Genetic complementation in H. pylori is limited by the precision with which genes can be expressed from heterologous loci. To complement TlpB, we made use of an engineered mutation (TlpB D114N ) (44) in the endogenous locus that we have shown disrupts acid sensing but not AI-2 chemorepulsion. We found that this variant of TlpB was able to restore a normal proportion of adhesion in the biofilm ( Fig. 3I ) but that it did not rescue the cellular organization phenotype (Fig. 3B ) or the lacunarity of the biofilms (Fig. 3H ). Complementation of aibA deficiency was achieved by inserting the wild-type aibA gene at the rdx locus (aibA*). Due to aibA being part of a potential operon, we engineered the putative aibB promoter into the rdx locus to drive expression of aibA. As with TlpB, complementation of aibA did restore proportional adhesion in the biofilm ( Fig. 3I ) but was unable to rescue the ⌬aibA mutant spatial organization ( Fig. 3D and H). Complementation of ⌬aibB was also achieved by restoration of the wild-type gene and putative promoter at the rdx locus (aibB*). In this case, complementation restored the normal proportional adhesion ( Fig. 3I ) and was able to rescue the spatial organization of cells in the biofilm with respect to the WT spatial patterning (Fig. 3F) , with a lacunarity score slightly higher than the WT score ( Fig. 3H ; P ϭ 0.04 by Student's t test). We hypothesized that the partial rescue in lacunarity observed in the aibA* and tlpB D114N strains might have due to decreased expression compared to the WT level. To address this hypothesis, we used quantitative reverse transcription-PCR (qRT-PCR) to quantify the relative amounts of aibA, aibB and tlpB transcripts in the complemented strains compared to the WT amounts (see Fig. S6 in the supplemental material). We observed that the levels of aibB in the aibB* strain were roughly equivalent to the WT levels (see Fig. S6 , WT aibB and aibB*), and, indeed, we observed full rescue of biofilm phenotypes with this strain (Fig. 3F , H, and I). The levels of aibA in the aibA* strain were approximately 60% of the levels of aibA in the WT strain (see Fig. S6 , WT aibA and aibA*). This may explain why we observed incomplete rescue of the spatial organization and lacunarity of aibA* biofilms ( Fig. 3D and H). We observed that the tlpB D114N complement had levels of tlpB transcript similar to those seen with the WT strain (see Fig. S6 , WT tlpB and tlpB D114N ), consistent with the WT levels of protein expression in this strain (44) . However, this study also showed that the TlpB D114N protein is less stable than the WT TlpB protein in vitro, which could explain the incomplete rescue of the tlpB D114N biofilm spatial organization and lacunarity ( Fig. 3B and H). AI-2 is sufficient to alter biofilm organization during biofilm formation in a chemotaxis-dependent manner. Having demonstrated that AI-2 production and chemotaxis are necessary for normal biofilm formation, we next wanted to extend our findings by manipulating the system with exogenously added AI-2. To accomplish this, we added AI-2 at the time of inoculation of cells into wells containing glass frit and quantified the differences in the percentages of cells in the biofilm (Fig. 4A) . We determined empirically that 37 nM AI-2, a concentration within the range produced endogenously by H. pylori (45) , caused the greatest effect in these assays, and we used this concentration in all subsequent experiments. We found that exogenous AI-2 reduced the proportion of adhered WT H. pylori bacteria measured 2 days after initiation of biofilm formation and AI-2 addition. We also observed a significant reduction in adherence for the ⌬luxS strain upon addition of AI-2. This is consistent with the fact that, although the luxS-deficient strain is unable to produce AI-2, it can still respond to exogenous AI-2 (45). We next performed this experiment with the AI-2 chemotaxis-deficient ⌬cheA, ⌬tlpB, ⌬aibA, and ⌬aibB strains. Consistent with the inability of these strains to sense AI-2, they exhibited no differences in the proportions of adherent cells in the presence or absence of exogenous AI-2. These results indicate that biofilm organizational patterning induced by AI-2 requires intact AI-2 sensing and that the presence of AI-2 is sufficient to decrease adherence in biofilms during the early stages of biofilm formation.
We next tested directly whether AI-2 chemotaxis acted to decrease adherence in biofilms by promoting dispersal from mature biofilms. We grew biofilms of the WT and ⌬luxS strains for 48 h, gently removed the media containing planktonic cells, and replaced it with fresh media either with or without exogenous AI-2 (37 nM). At this time point, adherent cells were readily visible on the sides of the well and on the glass frit. After another 24-h incubation, we quantified the populations of planktonic and adherent cells. Because we removed planktonic cells from the wells at 48 h, we assumed that all cells entering the planktonic population after replacement of media were ones that had dispersed from the preexisting biofilm. We calculated the changes in the biofilm (adherent) populations between cultures treated with AI-2 and untreated controls and separately calculated the changes in the planktonic (nonadherent) populations of the two treatment groups (Fig. 4B) . Both the WT and ⌬luxS strains exhibited a decrease in their biofilm populations upon AI-2 addition, suggesting that the presence of AI-2 was sufficient to have triggered partial biofilm dispersal. Reciprocally, there was an increase in the numbers of the planktonic cells of these two strains upon addition of AI-2. To confirm the role of chemotaxis in AI-2-mediated biofilm dispersal, we examined the response of the ⌬cheA, ⌬tlpB, ⌬aibA, and ⌬aibB mutant biofilms to AI-2 addition. We found no significant difference in the biofilm or the planktonic populations of any of these strains upon the addition of AI-2. These results indicate that AI-2 promotes dispersal of cells from preexisting biofilms by a chemotaxis-dependent mechanism.
Abolishing AI-2 production or AI-2 chemotaxis results in formation of larger microcolonies on cultured epithelial cells. We wanted to test whether this AI-2 chemotaxis response was relevant to the fitness of H. pylori on epithelial cells, where they experience a set of chemical signals different from those experienced on abiotic surfaces. To do this, we adapted a previously described microcolony assay (25) using polarized Madin-Darby canine kidney (MDCK) epithelial cells seeded onto a transwell filter. We used the G27MA strain, which had been adapted to grow well on MDCK cells (46) , in contrast to the parental G27 strain, which does not grow well in this assay (data not shown). We infected MDCK monolayers with WT G27MA and isogenic ⌬luxS, ⌬cheA, ⌬cheW (a mutant functionally similar to ⌬cheA), ⌬tlpB, ⌬aibA, and ⌬aibB strains to test if AI-2 production or chemotaxis influences the size of the microcolonies formed. The attached bacteria grew on the epithelial cells and formed aggregates or microcolonies. We hypothesized that, similarly to what we observed in the in vitro biofilm formation results, there would be increased dispersal of cells from microcolonies in an AI-2 chemotaxisdependent manner.
To test this, we fixed and stained the infected transwells to visualize H. pylori cells and MDCK cell junctions (ZO-1) at 5 min postinfection (initial attachment) and at 3 days postinfection ( Fig. 5A to C) . To determine if all strains had equivalent levels of growth and attachment on the MDCK cells, we estimated the quantities of attached bacteria present on the cell layer at 5 min and 3 days postinfection. To do this, we quantified the average microcolony sizes of cells in at least 3 fields of triplicate transwells for each condition and used the size measurement of a single H. pylori cell (20 pixels) to estimate the number of H. pylori cells in the image. We then extrapolated this to estimate the number of attached H. pylori cells in the entire transwell (Fig. 5D) . We observed that the WT, ⌬luxS, and ⌬tlpB strains had significantly increased numbers of attached bacteria from 5 min to 3 days postinfection. However, for the ⌬cheW, ⌬cheA, ⌬aibA, and ⌬aibB strains, we observed no significant increase in the numbers of attached bacteria over the course of the experiment. There are several possible explanations for this observation, including lack of growth on the MDCK cells, defects in attachment, or increased dispersal of cells from microcolonies. Given the ambiguity of the significance of the lack of growth of these strains in this assay, we did not evaluate them further.
For the WT, ⌬luxS, and ⌬tlpB strains that were able to grow on MDCK cell epithelia, we determined the average microcolony size at 5 min postinfection (see Fig. S7 in the supplemental material) and at 3 days postinfection (Fig. 5E) . We found that the ⌬luxS strain had a significant increase in microcolony size at 3 days postinfection compared to the WT strain, while there was no significant difference with respect to initial attachment (Fig. 5E) . Thus, disruption of luxS resulted in an increase in the size of the adherent microcolonies, which is consistent with our observations of decreased dispersal of luxS cells in the in vitro biofilm assays (Fig. 1H ). Also consistent with our predictions, we observed that the lack of tlpB resulted in microcolony sizes significantly larger than those seen with the WT strain and similar to those seen with the ⌬luxS strain (Fig. 5E ). Taken together, these results suggest that AI-2 chemorepulsion is important for promoting H. pylori dispersal from cell aggregates on epithelial cell surfaces.
DISCUSSION
For many bacterial species, quorum sensing has been well characterized to influence biofilm formation through the regulation of gene expression. Here we introduce a new role for quorum sensing in shaping biofilms on a much shorter time scale through chemotactic responses of cells to quorum signals. We provide evidence that H. pylori biofilm dispersal and cellular spatial organization are shaped by chemorepulsive responses to AI-2 in H. pylori.
H. pylori uses a novel AI-2 sensing mechanism. Although many bacterial species produce and sense AI-2, mechanisms for AI-2 sensing are not strictly conserved among them. Prior to this work, two examples had been described for AI-2 sensing: one operating through the periplasmic LuxP binding partner of the LuxQ histidine kinase in Vibrio species and a second through the PBP LsrB in several phylogenetically distinct families, serving as both an AI-2 transport protein and a binding partner for the Tsr chemoreceptor (41, 47, 48) . In this study, we investigated the molecular basis for AI-2 chemoreception in H. pylori and discovered two PBPs, AibA and AibB, that are independently required for AI-2 perception. AibA and AibB are conserved at greater than 95% identity at the amino acid sequence level throughout H. pylori species. Protein sequence homology identifies AibA as homologous to dipeptide binding proteins (39% identity with the E. coli Fig. S8 in the supplemental material). We speculate that other bacteria may also have chemotactic responses to AI-2 that have not yet been identified due to the lack of sequence homology among AI-2 binding proteins. The requirement of two PBPs for AI-2 perception is novel for chemotransduction and uncommon in signal transduction in general. In Pseudomonas aeruginosa, the FpvCDEF system for iron uptake requires two PBPs, FpvC and FpvF. However, in that system, a FpvC/FpvF complex is required for binding to ferric compounds (49) . In contrast, AibA and AibB bind AI-2 independently in vitro (Fig. 2B) . We do not yet know if AibA and AibB form a complex in the cell and, if so, in what stoichiometries, but this is a possible model for the chemorepellant response in H. pylori that we plan to explore in future work.
Responses to AI-2 on different time scales promote biofilm dispersal. Cell dispersal from biofilms is an important part of the life cycle of these structures. Although cells in biofilms benefit from protection from environmental stressors, a sedentary lifestyle is not always advantageous. It may be beneficial for cells to leave the biofilm if there are abundant external resources available or if resources are depleted at the biofilm site. The dispersal of cells from biofilms in response to chemical cues can be described as "bet hedging," which is an evolutionary response to changes in environments (50) . When the chemical cue driving dispersal is endogenously produced and proportional to cell density, this provides a mechanism to maximize the ability of a population to explore new habitats and avoid depleting resources at the original site.
Cells can promote their dispersal from biofilms via several mechanisms that involve processes occurring over different time scales. A common mechanism for dispersal involves the downregulation of matrix-producing proteins and the upregulation of enzymes (proteases, DNases, etc.) to degrade the extracellular polymeric substances and nucleic acids that form the adherent matrix between cells of the biofilm (51, 52) . Several bacterial species upregulate motility-associated genes, such as those required for flagellar biosynthesis, at the onset of dispersal (52) . However, these mechanisms require changes in gene expression that take place over time scales of minutes to hours. A mechanism for more-rapid dispersal from biofilms is known as seeding dispersal, which has been shown to contribute to the virulence of several bacterial pathogens. Biofilms of Pseudomonas aeruginosa, Staphylococcus aureus, and other bacterial species (52) form hollow cavities containing nonadherent, motile cells. Upon the weakening of the extracellular matrix, these planktonic cells exit the biofilm in large numbers. Our work has shown that chemotactic responses, which occur on time scales of seconds to minutes, also provide a rapid mechanism for bacteria to exit a biofilm and would allow the structure to be much more plastic and adaptable to rapid fluctuations in the external or internal environment of the biofilm. It is likely that cells use multiple mechanisms of dispersal to orchestrate their exit from the biofilm when it is most advantageous to do so.
The spatial patterning of chemical cues can influence biofilm formation. H. pylori cells encounter a diversity of host-and
microbe-derived signals in their native environment of the human stomach, and the integration of those signals determines the spatial distribution of the cells. Our experiments demonstrate that AI-2 chemotactic responses are necessary and sufficient for modulating H. pylori biofilm formation. We observed similar requirements for AI-2 production and reception for biofilms grown on glass frit or for microcolonies grown on epithelial cells. However, we noted that the chemotaxis-deficient cheA and cheW strains were less able to attach to or grow well on the MDCK cells. Previous work has shown that H. pylori uses chemotaxis as a guide to interact with the mouse stomach epithelium (53) . We hypothesize that, in our system, epithelial cells provide H. pylori with more attractive cues than glass frit and thus that chemoattraction would play a more important role in the seeding of microcolonies on the epithelial surface than in the glass frit biofilm assay. Thus, in the case of growth on epithelial cells, the loss of chemotaxis would eliminate both attractive and repulsive drivers of microcolony formation, whereas on the glass frit only repulsive responses would be lost. This may explain the greater adherence of the chemotaxisdeficient mutant on the abiotic surface than on the biotic surface. The ⌬aibA and ⌬aibB strains, like the ⌬cheA and ⌬cheW strains, were unable to grow on the MDCK epithelial surface, in contrast to the ⌬tlpB strain. We speculate that AibA and AibB function in processes other than AI-2 chemorepulsion (possibly chemotactic responses or transport of specific molecules) that render the mutant strains unable to attach to or grow on the MDCK cells.
Our results also provide insights into the spatial patterning of AI-2 during biofilm formation. We observed that adding exogenous AI-2 to a wild-type culture and a ⌬luxS culture was sufficient to decrease the proportion of adherent cells in biofilms; however, this exogenous AI-2 addition to the ⌬luxS culture could not return the proportional adherence to fully wild-type levels. We assume that the bulk addition of AI-2 at a single time point does not accurately recapitulate the concentrations and spatial distributions of endogenously produced AI-2 experienced by cells in the growing biofilm. Indeed, we observed stronger effects on biofilm structures by genetically manipulating the cells to overproduce AI-2 than by adding the chemical exogenously. We suggest that small or stochastic changes in the AI-2 environment during biofilm growth can alter the overall structure of the biofilm as it grows.
A striking effect of the loss of AI-2 production or sensing was the more homogenous spatial organization of the cells in the glass slide-grown biofilms, which appeared to be uniformly dispersed rather than heterogeneous clumps interspersed with sparse areas. We hypothesize that local fluctuations in AI-2 concentrations are important determinants of the spatial heterogeneities that are characteristic of wild-type H. pylori biofilms. One could even imagine a positive-feedback loop in which stochastic fluctuations in AI-2 concentrations would give rise to different local dispersal frequencies, creating heterogeneities in cell density that would enhance local variations in AI-2 concentrations. Interestingly, previous studies have shown that luxS expression in sessile biofilm populations is high for the first 2 days but decreases significantly in the biofilm cells after this time point (54, 55) . Consistent with these observations, we observed a decrease in AI-2 concentrations in our glass frit biofilm assay over the course of 2 days (see Fig. S3D in the supplemental material). Such a downregulation of luxS could mark a transition to a more mature biofilm stage with less cell dispersal. The spatial heterogeneities observed in our wildtype H. pylori biofilms resemble those described in other biofilm systems to be critical for nutrient and waste product flux and the overall fitness of the organisms within the biofilm structure (19) . We speculate that because AI-2 chemorepulsion can operate on a short time scale and is sensitive to subtle spatial and temporal fluctuations in AI-2 concentrations, it serves as an important mechanism for generating the spatially heterogenous distribution of cells in a mature biofilm.
Chemotactic responses to quorum-sensing molecules as determinants of multispecies biofilm organization. The dynamics of biofilm formation and maturation requires complex, sequential mechanisms that give rise to an architectural structure that allows protection from environmental stressors, adequate nutrient and waste flow, and contact for bacteria with other cells and their host (56) . We have shown that for H. pylori monospecies biofilm formation, chemorepulsion from AI-2 is a determinant of spatial organization and dispersal. Given that AI-2 is an important interspecies signaling molecule, we hypothesize that it may play an important role in mixed-species biofilm formation as well.
In addition to H. pylori, E. coli has also been shown to exhibit chemoresponses to AI-2, in this case sensing the quorum signal as a chemoattractant (21) . Interestingly, biofilms of a ⌬luxS strain of E. coli were found to be thinner and less dense than those of their wild-type counterparts (57), consistent with the absence of a selfproduced attractant. Furthermore, the same study showed that the addition of exogenous AI-2 to ⌬luxS E. coli biofilms resulted in a partial but significant rescue of biofilm biomass similar to the partial rescue we observed upon AI-2 addition to ⌬luxS H. pylori. This suggests that AI-2 may influence spatial organization and adhesion in E. coli biofilms in a manner analogous to but opposite of that seen in H. pylori biofilms. E. coli's ecological strategy may be to use AI-2 to localize and persist in the densely colonized colon, whereas H. pylori may use AI-2 to promote dispersal from individual gastric glands, where concentrations of AI-2 are likely to be high. Similarly to our observations with H. pylori, a luxS mutant of Vibrio cholerae was reported to develop more-adherent biofilms (58) , implying a possible chemorepulsion response to AI-2.
Given that nearly all biofilms in nature are comprised of many organisms (3), it is interesting to speculate how collective AI-2 production and individual AI-2 perception could organize biofilm structures. High-AI-2 producers would serve as foci for those species attracted to AI-2, whereas AI-2 consumers could create permissive microenvironments for organisms averse to high AI-2 concentrations, with organisms with similar AI-2 preferences becoming segregated in the process. More generally, differential chemoresponses to bacterium-produced chemicals could be strong drivers of multispecies biofilm organization, layered upon the existing chemical landscape of the precolonized environment, be it a host tissue or an abiotic surface.
If AI-2 is a common chemotactic cue among bacteria, this knowledge could be harnessed for treatment of human infections. A recent report showed that AI-2 production by a colonic commensal, Ruminococcus obeum, can promote the resolution of Vibrio cholerae infection in a gnotobiotic mouse model, through an unknown mechanism (59). We speculate that commensals producing AI-2 at high levels may serve as sources of repulsive cues that drive Vibrio cholerae from the intestine. In the case of H. pylori, broad spread inflammation of gastric tissue throughout the organ is correlated with increased gastric cancer risk (60) , presumably due to broader distribution of H. pylori bacteria in the stomach. It may be possible to manage the spread of H. pylori infection by inhibiting the AI-2 chemotaxis pathway to prevent dispersal of the cells to other areas of the stomach, thus reducing the risk for more-severe disease.
MATERIALS AND METHODS
H. pylori strains and bacterial culture. H. pylori strain G27 was the primary strain used in this study (61) , and it was the wild-type strain from which isogenic mutants were derived. Strains were grown on BBL and Columbia agar (BD) plates supplemented with 5% defibrinated horse blood, vancomycin (10 g/l), amphotericin B (8 g/ml), and beta cyclodextrin (0.2% [wt/vol]) or in liquid brucella broth containing 10% fetal bovine serum (BB10) media under standard conditions, as previously described (45) . Mutant strains were generated by PCR amplification of the appropriate antibiotic resistance gene, which was then incorporated via overlap extension PCR into a larger amplicon containing flanking sequences from the target gene (see Table S1 in the supplemental material). These PCR amplicons were introduced into G27 by natural transformation, and mutants in which the endogenous gene was disrupted by the insertion of the antibiotic resistance gene were selected using the appropriate antibiotic media and verified by PCR genotyping. Genetic complementation of disrupted genes was achieved by inserting the full coding region plus the predicted promoter sequence of the disrupted gene into the rdxA locus (62). The aibA complemention strain (aibA*) replaced the wild-type gene at the endogenous locus with a copy of the aibA gene at the rdxA locus. Due to aibA being in a potential operon, the aibB promoter was inserted upstream of the aibA gene. The aibB complementation strain (aibB*) replaced the wild-type gene at the endogenous locus with a copy of the aibB gene with the native putative promoter at the rdxA locus. The luxS overproducer strain (luxS OP ) was constructed by inserting an additional copy of luxS into the rdxA locus.
The H. pylori G27MA strain was used (46) for the microcolony experiments whose results are shown in Fig. 5 due to poor colonization by G27 on MDCK cell epithelia. ⌬cheW, ⌬luxS, and ⌬tlpB mutants in strain G27MA were constructed by deletion of the cheW, luxS, and tlpB coding DNA sequences, respectively, using a PCR-based method as previously described (63) . The coding DNA sequence of cheW and that of luxS were replaced with the APhA-encoding gene sequence (conferring kanamycin resistance). The coding DNA sequence of tlpB was replaced with the cat gene sequence (conferring chloramphenicol resistance). Mutants were selected on the appropriate antibiotic media and verified by PCR. Construction of ⌬cheA, ⌬aibA, and ⌬aibB mutants in G27MA was achieved by isolation of genomic DNA from the respective G27 mutant strains and transformation into WT G27MA cultures. Mutants were selected by successful growth on kanamycin plates and were sequence verified.
Biofilm imaging. H. pylori cultures were grown in BB10 broth with shaking at 10% CO 2 at 37°C until an optical density at 600 nm (OD 600 ) of 0.6 to 0.9 was reached. The cultures were rediluted to 1 ϫ 10 7 cells·ml Ϫ1 . One hundred microliters of culture was placed onto a clean glass slide (22 mm by 22 mm) and allowed to incubate in a humidified chamber for 5 days at 37°C and 10% CO 2 , at which point a thick biofilm was readily visible on the air-liquid interface over the surface of the drop. The slides were carefully removed from the incubator and placed onto a 55°C heating block to gently evaporate the media, allowing the biofilm to settle onto the glass slide. The biofilm was fixed with 4% paraformaldehyde (PFA)-1ϫ phosphate-buffered saline (PBS) for 15 min and then washed 3 times with 1ϫ PBS. To visualize the results, one drop of Vectashield hard set with DAPI (Vector Labs) was added to the biofilm and the slide was covered with a coverslip. Biofilms were imaged with a 10ϫ lens objective on a Nikon Eclipse TE2000-U microscope.
Frac-Lac analysis of biofilm images. For each slide, a minimum of three images were taken across the entirety of the biofilm. The contrast of the biofilm images was altered in MatLab using the built-in function adapthisteq.m (contrast-limited adaptive histogram equalization [CLAHE]) with a ClipLimit parameter of 0.05. The altered images were thresholded using Otsu's method (see examples in Fig. S2A= and B= in the supplemental material). The resulting binary images were run through the FracLac plug-in in ImageJ (36, 64) to determine lacunarity with a Box Count analysis of binary images (black background) using a block series with 12 orientation positions and block sizes from 0 pixels to 32% of the image. Lacunarity scores were pooled by strain across a minimum of two experiments per strain.
Biofilm adherence assay. We used a biofilm adhesion assay that was previously described (24) . H. pylori cultures were grown in BB10 to an OD 600 of 0.6 to 0.9, and cultures were rediluted to 5 ϫ 10 7 cells·ml Ϫ1 . Cultures (1 ml) were added to 12-well suspension culture plates (Olympus Plastics) filled approximately one-third full with autoclaved glass frit (Bullseye Glass) to increase the surface area available for cell attachment. Each experiment used 3 or 4 replicate wells filled with the same culture of H. pylori. The culture plates were incubated stationary for 2 days at 37°C and 10% CO 2 , after which a biofilm at the air-liquid interface was observed. To quantify cells in the planktonic and biofilm populations, 1 ml of 1% crystal violet dye was added to cultures and allowed to incubate for 15 min. The liquid was removed via careful aspiration, and cells were spun down for 3 min at 13,500 rpm and saved as nonadherent cells. The adherent cells that were attached to the sides of the well and the frit were washed three times with 1 ml of 1ϫ PBS. Each wash volume was added to the tube of nonadherent cells, spun down, and saved. After washes, the crystal violet in the cells of both the adherent and the nonadherent populations was extracted in 1 ml of 95% ethanol and the cells were pelleted by spinning at 13,500 rpm. The absorbance of the supernatant was then measured using a spectrophotometer at OD 595 . Percent adherence of biofilm cells in the total population of the well was calculated as the absorbance of the adherent population divided by the sum of the absorbances of both the adherent and nonadherent cells, multiplied by 100.
For experiments adding exogenous AI-2 [(S)-4,5-dihydroxy-2,3-pentandione (DPD); Omm Scientific], strains were grown as described above. The culture was then split into two subcultures, one with AI-2 added to a final concentration of 37 nM and the other treated with an equal volume of BB10 as a control. The cultures were added to the glass frit and incubated for 2 days and analyzed as described above. The fraction of adherence of cultures with AI-2 addition was compared directly to the control results and was calculated by dividing the average percentage of cells in the biofilm of the AI-2-treated cultures by the average percentage of cells in the biofilm of the nontreated control.
For experiments where AI-2 was added to replacement media, the strains were grown as described above. After 48 h, the liquid medium was removed by pipette from each well. To wash the biofilm cells, 1 ml of BB10 was gently added to each well and removed. One milliliter of media, with or without the addition of AI-2 to achieve a final concentration of 37 nM, was added back to the wells, and the mixture was incubated for 24 h. The crystal violet assay was used to quantify the proportion of cells in the biofilm separately from the proportion of cells in the planktonic media. The change in biofilm mass or planktonic cell number after addition of AI-2 was calculated by finding the difference between the OD 595 of cultures with AI-2 and the OD 595 of the BB10 control.
Identification of putative periplasmic binding proteins in H. pylori G27. Proteins annotated as being "transport and binding proteins" in H. pylori strain J99 were identified using the resources of The Institute for Genomic Research (TIGR; J. Craig Venter Institute). The seven proteins were analyzed using the Basic Local Alignment Search Tool for proteins (BLASTp) for homology to other known periplasmic binding proteins. Of the seven, five protein candidates remained. The corresponding proteins and genes in H. pylori G27 were identified using BLASTp and were further characterized for roles in AI-2 chemotaxis.
Chemotaxis response assay. As previously described (22) , H. pylori bacteria were inoculated into liquid BB10 media from plates and grown with shaking to an OD 600 of 0.7 to 0.9. Cultures chosen for assay had at least 60% motile cells and minimal clumping. An 8-l sample was spotted onto a glass slide and covered with a coverslip (22 mm by 22 mm). The coverslip was sealed on 3 sides with clear nail polish. Eight microliters of treatment (BB10, 100 mM HCl-BB10, or 100 M synthetic AI-2-BB10) was added to the side of coverslip that was not sealed. After approximately 5 to 10 min, the culture was imaged at a magnification of ϫ10 through a 40ϫ phase filter on a Leica DMIL microscope. The formation of a barrier indicated a response to treatment. Representative images were taken of the barrier or in similar locations on the slide under conditions with no barrier formation.
Protein purification and AI-2 binding assay. Assessments of the AI-2 binding ability of proteins were based on previous methods (41, 42) . LsrB (kindly provided by Stephen T. Miller, Swarthmore College, Swarthmore, PA) was cloned into the pGex-4T-1 expression vector. The periplasmic portion of the tlpB gene (coding for TlpB residues 33 to 211) was cloned into a pGex-4T-1 expression vector. The aibA and aibB genes lacking the periplasmic targeting sequence (aibA lacking the coding region for amino acids 1 to 22, aibB lacking the coding region for amino acids 1 to 24) were cloned into a pGex-6P-1 expression vector (GE Healthcare). The plasmids were transformed into BL21 E. coli for protein expression. Protein purification was achieved using a glutathione Sepharose 4B column (GE Healthcare) following the recommended protocol. The glutathione S-transferase (GST) tag was left on the purified proteins after we determined that GST alone did not show AI-2 binding activity (data not shown). The GST tag was cleaved from AibB because of apparent partial spontaneous cleavage of the GST tag during purification. GST cleavage was achieved after elution of AibB from the column by adding 1 unit of PreScission protease enzyme and incubation overnight at 4°C per the instructions of the manufacturer (GE Healthcare). Purified proteins were dialyzed into a storage buffer consisting of 300 mM NaCl, 10 M Tris (pH 8), and 5 M 2-mercaptoethanol, concentrated with a VivaSpin-20 filter (GE Healthcare), and stored at Ϫ80°C.
For the protein-AI-2 binding assay, all purified proteins were normalized by dilution into assay buffer (300 mM NaCl, 10 mM sodium phosphate, pH 7) to a concentration of 6 mg ml Ϫ1 as quantified by the use of a NanoDrop-1000 spectrophotometer (Thermo-Fisher Scientific). Protein (200 l) was incubated with 100 l of 1 mM synthetic AI-2 diluted into assay buffer at 4°C for 120 min. The sample was loaded onto a Sepharose G 25 fine column (Sigma Aldrich). The column was washed with 4 200-l volumes of assay buffer, and the eluate was collected. The eluted protein was quantified by direct application of the sample to the NanoDrop spectrophotometer and concentrated to 100 l using an Amicon Ultra 10-K membrane centrifugal filter. Retentate was incubated in a 55°C water bath for 10 min to denature the protein and release any bound AI-2 into the supernatant. The sample was centrifuged at 14,000 rpm for 2 min to pellet protein.
The supernatant was directly used in a Vibrio harveyi luminescence assay to test for AI-2 levels as previously described (45) . Briefly, an overnight culture of V. harveyi was diluted 1:5,000 in fresh AB medium (300 mM NaCl, 50 mM MgSO 4 , 2% [wt/vol] Casamino Acids, 10 mM potassium phosphate [pH 7], 1 mM L-arginine, 1% [wt/vol] glycerol). Ninety microliters of diluted V. harveyi culture was added to 10 l of protein supernatant and put into a 96-well plate in triplicate experiments. Levels of luminescence were measured on a SpectraMax M5e plate reader (Molecular Devices) each hour over the course of 6 h with incubation on a shaker at 30°C between measurements. Levels of relative luminescence units (RLUs) for each sample were taken at the time point where there was the largest difference between an exogenous AI-2 positive control and a buffer negative control, and the data were normalized as a percentage of the exogenous AI-2 positive control data.
Cell culture. Madin-Darby canine kidney II (MDCK) cells (kindly provided by W. James Nelson, Stanford, CA) (65) were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco) containing 10% fetal bovine serum (FBS) (Gibco) at 37°C in a 5% CO 2 atmosphere. Polarized MDCK monolayers were generated as previously described (25) . Briefly, about a half-million cells were seeded onto 12-mm-diameter, 0.4-mpore-size polycarbonate tissue culture insertions (Transwell filters; Corning Costar). At 1 day after seeding, the apical medium was changed to DMEM and the basal medium was changed to DMEM-10% FBS. For four subsequent days, the basal medium was replaced daily with fresh DMEM-10% FBS whereas the apical medium was unchanged. On the fifth day postseeding, the monolayers were ready for use.
H. pylori infection of polarized MDCK monolayers. The basal media of polarized monolayers were replaced with coculture medium (DMEM-10% FBS-10% Brucella broth). The apical surfaces of polarized monolayers were washed 3 times with DMEM. Then, 500 l of a bacterial culture at an OD 600 of 0.2 (~10 8 CFU/ml) was added to the apical side of the monolayer and allowed to infect the monolayer for 5 min at 37°C in a 5% CO 2 atmosphere. Infected monolayers were washed 4 times with fresh DMEM to remove nonadherent bacteria. DMEM was added back to the apical side of the monolayer, and the cells were kept at 37°C in a 5% CO 2 atmosphere. Each day for 3 days, the basal medium was replaced with fresh coculture medium, the apical chamber was sampled for CFU levels, and the monolayers were washed 4 times with DMEM before fresh DMEM was added back.
Confocal immunofluorescence microscopy and antibodies. At terminal time points, samples were fixed and processed for confocal immunofluorescence as previously described (66) . Chicken anti-H. pylori G27MA (46) was used at a 1:500 dilution, and mouse anti-ZO-1 was used at 1:100. H. pylori was detected using a goat anti-chicken 594 secondary antibody, and ZO-1 was detected using a goat anti-mouse 488 secondary antibody. DAPI (Invitrogen) was also used to stain for cell nuclei. Samples were imaged at a magnification of ϫ40 with a Zeiss LSM 700 confocal microscope, and extended-focus images of z-stacks were analyzed via a custom MatLab script.
Measuring AI-2 production in H. pylori. WT, luxS OP , and ⌬luxS H. pylori cultures were inoculated into 3 ml BB10 from plates. Four hours after inoculation, cultures were diluted back to 5 ϫ 10 7 cells ml Ϫ1 and incubated with shaking at 37°C and 10% CO 2 . Samples of WT and luxS OP cultures were taken at 4, 8, 12, 24, 36, and 48 h postdilution and analyzed for optical density and CFU levels on plates. Samples of WT, luxS OP , and ⌬luxS cells were taken at each time point and spun down at 13,500 rpm for 3 min, and the cell-free supernatant (CFS) was saved and stored at Ϫ20°C. The CFS was analyzed for AI-2 using the Vibrio harveyi luminescence assay. Ten microliters of CFS was added to 90 l of V. harveyi culture (prepared as previously described for the AI-2 binding assay) with duplicate samples in a 96-well plate. Levels of luminescence were measured on a SpectraMax M5e plate reader (Molecular Devices) each hour over the course of 6 h with incubation on a shaker at 30°C between measurements. Levels of relative luminescence units (RLUs) were taken at the time point where there was the largest difference between an exogenous DPD positive control and the ⌬luxS negative control.
cDNA synthesis. WT, ⌬aibA, aibA*, ⌬aibB, aibB*, ⌬tlpB, and tlpB D114N strains were inoculated into liquid BB10 media from plates and grown with shaking to an OD 600 of 1. Cultures were spun at 4,000 rpm to pellet cells and resuspended in 700 l of TRIzol reagent (Life Technologies). RNA was extracted following the TRIzol sample preparation protocol provided by the manufacturer, and the RNA pellet was resuspended in RNase-free water. The RNA was treated with DNase-1 (New England Biolabs) to degrade contaminant genomic DNA following the manufacturer's protocol. A 5-g volume of RNA, 50 ng/l random hexamer primers, and SuperScript III reverse transcriptase (Life Technologies) were used to generate cDNA following the manufacturer's protocol. The resulting cDNA was treated with RNase H (Life Technologies) to degrade template RNA.
qRT-PCR. Synthesized cDNA was amplified using primers targeting 100-bp sequences of aibA, aibB, and tlpB genes, with ureA and ureB targets as endogenous controls. Primer efficiency was confirmed to be Ͼ95% for each primer set used. qRT-PCR reaction mixtures contained 5 l Kapa SYBR Fast quantitative PCR (qPCR) master mix (Kapa Biosystems), 1 l cDNA, and 10 M (each) forward and reverse primers, and water was added to achieve a 10-l reaction volume. Standard qRT-PCR reactions were performed in experimental triplicates on an Applied Biosystems StepOnePlus PCR machine (Life Technologies) and analyzed using StepOne software (version 2.2.2) to calculate the quantity of target cDNA in mutant and complement strains relative to the WT level using both ureA and ureB as endogenous controls.
Protein sequence alignment. Gene and protein sequences for H. pylori G27 AibA (HPG27_277; hbpA) and AibB (HPG27_431; modA) were acquired from the University of California, Santa Cruz (UCSC) Microbial Genome Browser (67) . Representative LuxP (Vibrio cholera; GenBank accession no. KFE33015.1) and LsrB (Escherichia coli 101-1; GenBank accession no. EDX40441.1) sequences were aligned with the AibA and AibB sequences using ClustalW2 multiple-protein sequence alignment (EMBL-EBI).
Statistical analysis. All data analysis was performed using R (68) unless otherwise specified. A P value of 0.05 was used as a cutoff to determine significance. All experiments had a minimum of 3 replicates unless otherwise specified.
For data analysis of biofilm lacunarity ( Fig. 1F and 3H ), statistical analysis was performed in GraphPad Prism (version 6.03 for Windows; GraphPad Software, San Diego, CA, USA) by pooling the lacunarity scores of individual images from different experiments and comparing the pooled scores to the WT scores using Student's t test. For determinations of percentages of cells in biofilm ( Fig. 1H and 3I) , percentages of cells in biofilm from multiple experiments were pooled, transformed using arcsine square root calculations, and assessed with one-way analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) test against the WT data. To determine the significance of increased RLUs (Fig. 2B) , the percentages of RLUs from replicate experiments were pooled and compared to the buffer negative-control value using Student's t test to determine significance. For analysis of the changes seen with AI-2 addition (Fig. 4A ), the differences in the percentages of cells in biofilm for each experiment were pooled and tested against the null hypothesis of a value of 0 (no change) using Student's t test. For analysis of the changes of the fractions seen with AI-2 addition to replacement media (Fig. 4B) , the values were pooled from multiple experiments and tested against the null hypothesis of a value of 1 (no change) using Student's t test. To calculate the estimated number of attached bacteria on MDCK cells (Fig. 5D) , the images of H. pylori microcolony cells were quantified using MatLab to measure the size of microcolonies in pixels. The value for the most populous bin of pixel intensity distribution of cells after 5 min of attachment, in which state most bacteria are present as single cells, was 20 pixels. The number of cells in the microcolonies was estimated by dividing the number of pixels in the microcolony by 20. The number of H. pylori cells in the field of view was extrapolated to estimate the number of attached H. pylori cells in the entire transwell, and the results determined among the triplicate fields of view taken in the same well were averaged. Analysis of the significance of the differences between the results determined for 3 days of attachment and those determined for 5 min of attachment within strains was achieved by performing Student's t test using GraphPad Prism. To compare average microcolony sizes (Fig. 5E) , the averages of the microcolony sizes at 3 days were pooled and compared to the WT data with one-way analysis of variance and Tukey's test using GraphPad Prism. For comparing growth rates (see Fig. S1A in the supplemental material) and RLU data (see Fig. S1B ), the duplicate values for lux OP in each experiment were pooled and compared to WT values using Student's t test.
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